The reciprocal cycling between malic acid and starch in CAM plants constitutes a massive metabolic investment by these green tissues. It has been determined that between 15 to 20%o of the total organic matter in CAM leaves are involved in these daily interconversions (17). The transitions between light and dark, coupled with daily temperature differences, initiate dramatic reversible changes in metabolism which result in malic acid formation via PEP3 carboxylase each night and starch formation via the C3 cycle
bisphosphate, fructose 1,6-bisphosphate, glucose 6-phosphate, and fructose 6-phosphate accumulated.
The reciprocal cycling between malic acid and starch in CAM plants constitutes a massive metabolic investment by these green tissues. It has been determined that between 15 to 20%o of the total organic matter in CAM leaves are involved in these daily interconversions (17 of photosynthesis each day. Much research supports the view that the major CO2 assimilation pathway functioning in the light is distinct from the pathway functioning in the dark. How much these two pathways overlap and are regulated throughout a day is unknown. Though light and temperature certainly are involved in the diurnal regulation of CAM, the daily synthesis of starch and malic acid will continue for a cycle or two independent of these environmental parameters (1 1, 15) .
One hypothesis is that these two carbon assimilation pathways are regulated by changes in cellular metabolite levels. Several investigators have determined the levels of some intermediary metabolites attempting to demonstrate a causative effect on metabolism. Milburn et al. (13) measured the daily fluctuations of certain Kreb's cycle acids in Bryophyllum and other CAM species growing under natural conditions in an attempt to account for the fluctuation in free titratable acidity. Cockburn and McAulay (3) determined the pool sizes of glycolytic compounds in Kalanchoe daigremontiana leaf slices when plants were transferred from air to C02-free air and vice versa in the dark. Leaf slices were prepared from plants which had been grown under a 20-h photoperiod at a constant temperature and subjected to 24 h of continuous light before beginning the experiments (3). These unusual experimental conditions made interpretation ofthese data difficult. Pierre and Queiroz (16) recently studied the pattern of daily changes in levels of glycolytic intermediates in Kalanchoe blossfeldiana with 'low and high CAM' plants and related these levels to changes in the 'capacity' of certain glycolytic enzymes. Thus, the few available studies only cover portions of each carbon assimilation pathway or glycolysis in CAM plants.
The objectives of this report were to determine diurnal levels of both glycolytic and photosynthetic metabolites which are intermediates in CAM CO2 assimilation. Comparative data also are presented on daily levels of starch, organic acids, and stomatal diffusive resistance for K daigremontiana leaves. Internal leaf CO2 concentrations for two other CAM plants are included from the work of others (4, 19) . Attempts were made to identify the times at which pathways are initiated and terminated each day, particularly during transition periods from dark to light and vice versa. and one-half of each leaf was quickly plunged into liquid N2 for use in determining metabolite levels. Another leaf half was weighed and used to determine titratable acid, according to Moradshahi et aL (14) . The remainder of the leaf tissue was weighed and frozen immediately at -20 C for subsequent analysis of starch, glucans, and soluble sugars. A green safelight was used to sample in the dark.
MATERIALS AND METHODS
Stomatal Measurements. Stomatal resistances were measured with a LI-COR Model LI-60 diffusive resistance meter and a LI20s sensor (Lambda Instruments Corp.). Leaves at positions on the stem similar to those of leaves sampled for metabolite pool sizes were used. The leaf temperatures were measured with a TeleTemperature thermocouple (Yellow Springs Instrument Co., Yellow Springs, OH).
Sugar and Starch Determinations. Soluble sugars were extracted by boiling sequentially in 80%o ethanol, 50%o ethanol, and water. Each extraction was repeated three times, and the three fractions were analyzed separately using the anthrone test for sugar (23) . Extracts were kept at 4 C and assayed immediately.
Sugar is expressed as limol glucose equivalents per mg Chl.
The residual tissue was extracted for starch with 52% (v/v) HC104, as described by Hassid and Neufeld (7), with the modification suggested by Sutton (21) . The total carbohydrate content of the HC104 extract was analyzed as glucose equivalents by anthrone and referred to in the text as glucan. Starch represents the major carbohydrate contained in the glucan fraction.
Extraction of Metabolites. RuBP, FBP, SBP, and PEP are unstable in leaf tissue when stored at -80 C; but they are stable in a 5% (v/v) HC104 solution (R. Jensen, personal communication;
W. H. K., A. S. H., C. C. B., unpublished data). These compounds were extracted immediately after the leaves were collected. The two leaf halves were ground to a powder separately with a mortar and pestle in liquid N2. During all subsequent work, the plant material or extract was maintained at 0 C.
Approximately equal amounts of the frozen powder from each leaf half were mixed and ground in a TenBroeck tissue homogenizer containing 15 ml of a 5% (v/v) HC104 solution. The Chl concentration was determined indirectly by measuring the phaeophytin concentration of an aliquot of the leaf extracts before particulate matter was removed by centrifugation (8) . An aliquot of the supernate was stored at -80 C for later determination of RuBP, FBP, SBP, G6P, and F6P levels.
The remainder of the solution was neutralized to pH 7 with KOH and decolorized with 5 mg/ml of activated charcoal. After rapid centrifugation to remove the charcoal and KC104, the solution was assayed immediately for OAA, PYR, PEP, and 3-PGA. MAL and ASP assays were performed later. Aliquots stored for the sugar phosphate assays were neutralized and decolorized before analysis.
Determination of Metabolite Pool Levels. Enzymic analyses for OAA, PYR, PEP, ASP, and MAL were performed on the neutralized extracts as described by Hatch (8) . Isocitrate was determined by monitoring the reduction of NADP at 340 nm in a l-ml reaction volume containing 50 umol Hepes-NaOH (pH 7.5) (22 C), I ,imol MnCl2, 0.5 ,imol NADP+, and 0.125 unit of porcine heart isocitrate dehydrogenase (Calbiochem-Behring Corp.).
Analysis of 3-PGA was by the method of Latzko and Gibbs (12) , and G6P and F6P pool sizes were measured using the method described by Hohorst (9) . The FBP pool sizes were measured by following the method of Racker (18) . The SBP pool sizes were determined by first assaying for the total SBP plus FBP present using aldolase (3). Then, after determining the FBP pool size, the SBP pool was obtained by subtracting the amount of FBP from the total FBP plus SBP. Unless otherwise specified, the enzymes for all analyses were purchased from Sigma. The RuBP was assayed using RuBP carboxylase partially purified from spinach by the method of Hall and Tolbert (6) . The preparation contained a negligible level of PEP carboxylase when used. The assays were carried out in stoppered serum flasks flushed with N2. Assay solutions contained in 1 ml were 50 ,imol Tris-HCl (pH 8.3) (22 C), 20 t,mol MgCl2, 5 ,umol DTT, 20 ,umol NaH'4CO3 (0.5 ,uCi/,tmol), 0.1 unit RuBP carboxylase, and 0.5 ml plant extract.
The reaction was stopped after 40 min by adding 0.1 ml 6 N HCI, and the solutions were dried in an airstream to remove unfixed 14CO2. The protein was digested using NCS tissue solubilizer (Amersham Corporation), and radioactivity was determined by liquid scintillation spectrometry.
With all metabolites, the recovery of authentic compounds subjected to the same extraction and assay procedures was greater than 91%, and the limit of detection of the metabolites in plant extracts was near 1 nmol/mg Chl.
Reproducibility of the extraction procedure was estimated by analysis of metabolites in 4 replicate samples. The leaves were harvested at 1500 h after 8 h oflight, and all assays were performed immediately. The levels of various metabolites ± the SD of the mean were as follows: G6P, 73.67 + 6.8; FBP, 22.91 ± 2.7; F6P, 14.20 ± 0.6; PEP, 84.43 ± 3.9; ASP, 314.98 ± 13.3 nmol/mg Chl; and MAL, 102.1 ± 4 ,imol/mg Chl.
All experiments in the figures were performed at least twice and results from a single experiment are given in each figure.
RESULTS
Diurnal Changes in Stomatal Resistance, Titratable Acid, and Carbohydrate Levels. Initial experiments were performed to determine the basic pattern of CAM exhibited by K daigremontiana when grown under conditions of 30 C for 15-h days and 15 C for 9-h nights. Diurnal patterns of titratable acidity, isocitrate, stomatal resistance, and starch generally were characteristic of CAM plants ( Fig. 1; Ref. 11 ). The light period began at 0700 h and ended at 2200 h. At the beginning of the light period, the maximum temperature (30 C) was reached within 20 min, and, at the beginning of the dark period, the minimum temperature (15 C) was attained within 10 min.
In the first 15 min of light, stomata showed a transient decrease in diffusive resistance, after which the stomata closed so that, by about 30 min of light, they were tightly shut ( Literature values for the internal CO2 concentration in Agave desertii (4) and Sedum praealtum (19) leaves also have been included in Figure 1A to show the daily change in the internal pool of CO2 which is characteristic of CAM plants. Fifteen known CAM species, including two Kalanchoe species, have been reported to vary their internal CO2 levels (4, 19) . Presumably, the pattern exhibited by K daigremontiana would be similar; however, this was not determined in this study. The roles of this internal CO2 pool in CAM will be discussed later.
Titratable acidity fluctuated in a manner characteristic of CAM plants. It reached a maximum in the beginning of the light period and a minimum in the afternoon (Fig. 1B) . Isocitrate, in contrast to titratable acidity, remained virtually constant during the 24-h period (Fig. 1B) . The leaf pools of glucan, starch, and, to a smaller extent, watersoluble sugars, increased in the light and reached a maximum at or near the end of the light period (Fig. 1C) . The levels of all three of these fractions decreased during the subsequent dark period and reached a minimum level prior to dawn (Fig. IC) . These results agree with those found previously in K daigremontiana leaves (20 Figure 2 presents the daily fluctuations observed for metabolite levels in K daigremontiana leaves. Some daily variations in absolute metabolite pool levels were evident by comparing the 7-h data; but the diurnal trends of a metabolite level rising and falling at specific times throughout a day were consistent in replicate experiments. Thus, we focused on the daily patterns of metabolites rather than on their absolute levels. Note that all pool sizes are given in nmol/mg Chl except that for MAL which is in ,umol.
Leaflevels of MAL, ASP, and OAA generally declined throughout the day and rose at night (Fig. 2A) . PEP, however, increased during the day and remained low (<1 nmol/mg Chl) in the dark ( Fig. 2A) (13) .
PYR, a product of malic acid decarboxylation, showed a large increase during the first 2 h of light and decreased thereafter until the end of the light period (Fig. 2B) similar diurnal oscillation in leaf pyruvate content (13) . The levels of the three hexose phosphates generally decreased during the early part of the day and increased at night (Fig. 2B) . These trends were similar to those found in K. blossfeldiana when kept under a short-day photoperiod (16), although Figure 2 presents data for long days.
The level of 3-PGA rose dramatically, more than 10-fold, during the first half of the day and declined throughout the rest of the light period (Fig. 2C ). The pools of RuBP and SBP, presumably exclusively associated with the C3 cycle of photosynthesis, fluctuated quite differently over a 24-h period. The RuBP level rose in the light and dropped to <1 nmol/mg Chl in the dark, whereas the SBP level declined in the day and rose at night (Fig. 2C ), similar to that of FBP (Fig. 2B ).
Nearly all of the metabolite levels given in Figure 2 demonstrated transient changes during the first 2 h of light and, thereafter, followed more consistent patterns for the rest of the day.
Changes in Metabolite Pool Sizes during Dark-to-Light and Light-to-Dark Transitions. Because transient changes in metabolism occurred during the transition from dark to light and light to dark ( Figs. 1 and 2 ), we analyzed changes in metabolite levels in more detail during the period immediately following these transitions. Figures 3 and 4 show the results from two experiments where changes in metabolite pools were monitored at closer time intervals after the transition from dark to light (Fig. 3) and from light to dark (Fig. 4) .
With minor exceptions, the patterns of metabolite transients seen in Figure 3 were similar to those found in the first 2 h of light in Figure 2 . MAL, F6P, and 3-PGA had patterns similar to those seen in Figure 2 ; however, the amount of fluctuation appeared dampened due to the extended units of the abscissa (Fig. 3) . The rest of the metabolites demonstrated changes in pool sizes quantitatively similar to Figure 2 . (Fig. 4) , then maintained a constant level during the night (Fig. 2) . Both RuBP and SBP levels declined rapidly in the dark (Fig. 4) (Fig. 3A) . Changes in the leaf contents of PEP, G6P, F6P, SBP, and RuBP at 17 C were simiar to those at 30 C (Figs. 2, 3 , and 5). 3-PGA level dropped during the first 15 mmn at 17 C and then leveled off, whereas, at 30 C, 3-PGA level continued to rise during the first 2 h of light (Figs. 2, 3, and 5 ). The PYR level did not change appreciably (Fig. 5) , as was expected, since deacidification did not occur ( Fig. 5 [10] ) hold true for K daigremontiana. Second, it was assumed that many of the diurnal changes in metabolite levels we assayed were principally associated with CAM, because of the large metabolic investment required to support carbon assimilation during CAM (17) .
In this study, we have tried to identify temporal transitions in glycolysis, the C3 cycle, and the C4 organic acid metabolism, which occur during a typical 24-h cycle of CAM. These metabolic transitions also are integrated with physiological features of CAM, such as stomatal opening and thermoperiod. Changes in Stomatal Resistance, Glucan, and Starch. The general pattern of stomatal behavior in CAM plants, opening at night, remaining closed throughout most of the day, and opening again in the later afternoon, has been documented with plants in the field as well as with those grown in growth chambers (11, 15) . The diurnal pattern of stomatal resistance in K. daigremontiana was similar (Fig. 1A) . At the beginning of the light period, stomatal resistance rapidly and transiently decreased, and, at the beginning ofthe dark period, it increased transiently. This suggests that the guard cells in K. daigremontiana initially responded to light/dark transients similarly to C3 plants but subsequently responded to influences which are unique to CAM. Stomata closed in the light prior to an increase in internal CO2 concentration then reopened in the afternoon only after a substantial decrease in internal CO2 levels. Stomata were open most of the night ( Fig.  IA ; Refs. 4, 11, 15, 19) .
Analyses of the starch and glucan pools in K. daigremontiana (Fig. IC) reconfirm the findings of Sutton (20, 21) and further suggest the presence of a small transient storage pool of watersoluble nonstarch carbohydrate associated with CAM. A comparison of the slopes of the starch and glucan curves in the late afternoon and early night indicated that this water-soluble sugar pool might preferentially be filled in the late light period and preferentially be depleted in the early dark period (Fig. IC) . Changes in ethanol-soluble sugars appear to contribute very little to the diurnal fluctuation in starch and glucan, in agreement with earlier findings (20, 21 In vitro PEP carboxylase activity in K. daigremontiana was near 4.64 ± 0.6,umol/mg Chl-min (22) which, when provided with sufficient C02, would be expected to maintain low PEP levels at night. This hypothesis is supported by the findings that the PEP pool remains below or near 1 nmol/mg Chl throughout the night in K. daigremontiana ( Fig. 2A) . Similar findings in K. blossfeldiana (16) and B. crenatum (13) also have been reported. These data suggest that PEP is in limited supply at night and may limit PEP carboxylase activity, which is in considerable excess of the rate of CO2 fixation in all CAM plants when assayed under optimal in vitro experimental conditions. The beginning of the light period initiates dramatic changes in carbon assimilation in CAM plants. PEP carboxylation declines, and C3 cycle activity is initiated. This switch in carboxylation pathways is exemplified in the complex metabolite changes seen in the first 2 h oflight ( Figs. 2A and 3A) . MAL synthesis continues into the light; however, the reactions associated with PEP carboxylation decrease as demonstrated by a diminishing pool of OAA and an increase in PEP (Fig. 2A) . The accumulation of PEP during the day reflected both a decreased demand on PEP by PEP carboxylase and, probably, an increased synthesis due to the conversion of PYR to PEP in gluconeogenesis to replenish the glucan pool. The decrease in the PEP pool after 1400 h suggests the initiation of PEP carboxylase activity concurrent with stomatal opening (Figs. 1A and 2A) . The observation that organic acids are formed during "CO2 fixation in the latter part of the light period supports this conclusion (1 1, 15) .
MAL, OAA, and ASP generally declined in the later part of the day ( Fig. 2A) , which indicates that carbon was moving from OAA and ASP to MAL, then to the C3 cycle. This hypothesis is supported by labeling studies which suggest that "C may move from ASP to MAL (1) and that label is incorporated into C3 cycle intermediates from "C-MAL (W. H. Kenyon, A. S. Holaday, and C. C. Black, unpublished data).
Metabolite Changes Associated with Glycolysis. Glycolysis in both the forward and reverse directions is an integral component of carbon assimilation in CAM. At night, glycolysis is responsible for the formation of PEP from glucan and, during the day, for the production of glucan from PYR following MAL decarboxylation.
We supposed that the pattem of diurnal changes in component metabolites of this pivotal pathway would provide information on temporal changes in the directions of carbon movement.
Figures 2B and 3B illustrate that the transition in the direction of carbon flow through glycolysis toward carbohydrate synthesis began within 30 min after the lights came on and was nearly complete within 1 to 2 h. After 2 h of light, the levels of G6P, F6P, and FBP decreased, suggesting that carbon was moving from PYR into starch via gluconeogenesis.
K. daigremontiana possesses both NADP+-and NAD+-specific malic enzyme with almost equal in vitro activity (5) , and the products of both decarboxylases are CO2 and PYR. Clearly, both the CO2 pool (4, 19) and the PYR pool increase early each day in CAM plants ( Figs. IC and 2B) . Milburn et al. (13) found that the PYR pool size in B. crenatum increased to a maximum 2.5 h after sunrise. A similar increase occurred in K. daigremontiana in the first 2 h of the light period (Fig. 2B) .
Nearly 2 h of the light period elapsed before net storage carbohydrate, glucan, or starch synthesis began. Then, for the remainder of the day, storage carbohydrates were synthesized at a constant rate (Fig. IC) . PYR, PEP, and 3-PGA do not follow the general patterns exhibited by other glycolytic intermediates, in that they increased in the light (Fig. 2) . Both PEP and 3-PGA increased until 1400 h (Fig. 2, A and B) . The increase of PEP suggests that the activity of enolase in the gluconeogenic direction may be slower than that of PYR Pi dikinase, thus allowing PEP to accumulate. A maximum in the 3-PGA pool in the middle of the day (Fig. 2C ) was found previously in K. blossfeldiana (16) . The decline in the 3-PGA pool after midday coincides with stomatal opening (Fig. IA) and may be linked to an increasing demand for PEP by PEP carboxylase late in the day.
Near 1500 h, stomata began to open (Fig. IA) , and labeling studies have shown that the fixation of atmospheric CO2 occurs via both RuBP and PEP carboxylases (11, 15) . Figure 2 shows a fundamental change in glycolysis after -1400 h. The 3-PGA and PEP levels began to decrease, and the pools of G6P and FBP began to increase. MAL synthesis during this period may be reflected by the decrease in the PEP pool ( Fig. 2A) . The G6P pool began to fill up again, and this pattern continued throughout the dark period (Fig. 2B ). This suggested a reduction in its conversion to glucan; however, during this period, glucan was still constantly accumulating (Fig. IC) . Glycolysis is the primary pathway responsible for the breakdown of starch and glucan to provide PEP for PEP carboxylase at night (15, 22 (Fig. 2) .
Metabolites Associated with the C3 Cycle. RuBP and SBP are uniquely associated with the C3 cycle, whereas 3-PGA, F6P, and FBP are common intermediates in both the C3 cycle and glycolysis. (Figs. 2C, 3C , and 5C) is characteristically observed.
At night, the activity of the C3 cycle is minimal. The decline in the RuBP pool supports this hypothesis, as does the accumulation of SBP and FBP (Figs. 2 and 4) . Since both fructose 1,6-bisphosphatase and sedoheptulose 1,7-bisphosphatase are inactivated in the dark (2), the accumulation of FBP and SBP in the dark is consistent with the light activation of these enzymes.
Effect of Thermoperiod on Metabolite Pools. Both thermoperiod and photoperiod are known to have profound effects on the rhythm of CAM (15) . Figure 5 illustrates that, by maintaining the temperature at 17 C during the first 2 h of light, the primary effect was a depression of gluconeogenesis. The PEP, F6P, FBP, and PYR pools (Fig. 5) showed little change in comparison with those at 30 C (Figs. 2 and 3 ). The MAL pool appears similar to that at 30 C. The decrease and increase in the SBP and RuBP pools, respectively, indicate that, in light at 17 C, the C3 cycle was operating (Fig. 5) . We concluded that the C3 cycle was operating within 15 to 30 min each day in CAM plants but that C4 organic acid decarboxylation and gluconeogenesis both occurred later.
CONCLUSIONS
Diurnal changes in metabolic levels in K. daigremontiana leaves, particularly during transitions from light to dark and dark to light, have provided a framework for understanding the temporal metabolic and physiological changes associated with carbon assimilation in CAM. Three distinct transition periods are documented.
At the beginning of the light period, stomata briefly opened wider, then closed within 30 min. During the first 30 min of light, the C3 cycle became operative, and then the decarboxylation of malate started. MAL synthesis and decarboxylation may occur concurrently in the first 20 min. After 2 h of light, net starch and glucan synthesis began and continued at a constant rate through the day. The main flux ofcarbon during the day through glycolysis is in the gluconeogenic direction.
At midafternoon, another transition period occurred. Stomata began to reopen; the rate of MAL decarboxylation slowed; the internal leaf CO2 pool was depleted; the PYR pool was near a minimum; the OAA pool was depleted; and PEP and 3-PGA pools began to decline. Atmospheric CO2 can be assimilated in the last 2 or 3 h of the day.
The third transition occurred at night. Stomata closed initially, then reopened within 1 h. The C3 cycle stopped. After 1 to 3 h, MAL synthesis began, and the movement of carbon through glycolysis was in the glycolytic direction. These activities continued throughout the night.
The data presented in this paper do not allow an analysis of enzymic regulation by changing metabolite levels in K daigremontiana, because no data are available yet on the diurnal intracellular compartmentation of these compounds during CAM.
These conclusions are for healthy, well watered CAM plants growing under these thermoperiods and photoperiods.
